Odd parity bottom-flavored baryon resonances 
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The LHCb Collaboration has recently observed two narrow baryon resonances with beauty. Their 
masses and decay modes look consistent with the quark model orbitally excited states A;, (5912) and 
Aft(5920), with quantum numbers J F — l/2~ and 3/2~, respectively. We predict the existence of 
these states within a unitarized meson-baryon coupled-channel dynamical model, which implements 
heavy-quark spin symmetry. Masses, quantum numbers and couplings of these resonances to the 
different meson-baryon channels are obtained. We find that the resonances A£(5912) and Ag(5920) 
are heavy-quark spin symmetry partners, which naturally explains their approximate mass degener- 
acy. Corresponding bottom-strange baryon resonances are predicted at H5 (6035.4) (J p = i ) and 

H 6 (6043.3) (J p = §~). The two A b and two S b resonances complete a multiplet of SU(3)-flavor 
times heavy-quark spin symmetry. 



PACS numbers: 14.20.Lq, ll.10.St, 12.38.Lg, 14.40.Lb 



I. INTRODUCTION 

Using pp collision data at 7TeV center of mass 
energy, the LHCb Collaboration [1] has reported 
the existence of two narrow states observed in the 
Aj7r + 7r - spectrum, with masses 5911.95 ±0.12 (stat) ± 
0.03 (syst) ± 0.66 (Ag mass) MeV, and 5919.76 ± 
0.07 (stat) ± 0.02 (syst) ± 0.66 (Ag mass) MeV. These 
states are interpreted as the orbitally-excited Ag(5912) 
and Ag(5920) bottom bary on resonances, with spin- 
parity J p = 1/2" and J p = 3/2~, respectively. 
The limits on the natural widths of these states are 
r A«(59i2) < 0.82 MeV and r A o (5920) < 0.72 MeV at the 
95% confidence level [1]. 

There exists an old prediction by Capstick and Is- 
gur for the masses of these two Ah resonances which 
is in very good agreement with the results reported 
by the LHCb collaboration. Indeed, their relativistic 
quark model predicts 5912 MeV and 5920 MeV for the 
masses of the lightest orbitally-excited states [2] . How- 
ever, the same model yields a mass of the ground state 
Ag (J p = 1/2+) which is about 35 MeV smaller than 
the measured value [3]. More recently, Garcilazo et 
al. [4] have also presented results from a constituent 
quark model scheme. They adjusted the mass of the Ag 
ground state and predicted the masses of the J p = l/2~ 
and 3/2~ orbitally excited Ab states, which turned out 
to be around 30 MeV lower than the LHCb experimen- 



tal values. Note however that the masses predicted in 
[4] are in turn 20-30 MeV higher than those obtained in 
other schemes based also on the relativistic quark model 
[5], or on the color hyperfine interaction [6] or on the 
heavy quark effective theory [7] . 

In this work we adopt a different approach and 
describe these odd parity excited states as dynami- 
cally generated resonances obtained within a unitarized 
meson-baryon coupled-channel scheme. It is known 
that some baryon states can be constructed as a qqq 
state in a quark model, and simultaneously as a dynam- 
ically generated resonance in a meson-baryon coupled- 
channel description (that is a qqq — qq molecular state) 
[8]. Though, some of their properties might differ. It 
is thus interesting to consider both points of view in 
order to get in the future a joint or integral description 
of hadronic resonances in terms of quarks and hadrons 
degrees of freedom. 

The unitarization in coupled-channels has proven to 
be very successful in describing some of the existing ex- 
perimental data. Successful studies include approaches 
based on the chiral perturbation amplitudes for scat- 
tering of - octet Goldstone bosons off baryons of the 
nucleoli 1/2+ in the charmless sector [9-28], and uni- 
tarized coupled-channel methods in the baryon-meson 
sector with the charm degree of freedom [29-37] or in 
the bottom sector [38]. These works in the charm sec- 
tor [29-37] use a bare baryon-meson interaction satu- 
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rated with the i-channel exchange of vector mesons be- 
tween pseudoscalar mesons and baryons. Other existing 
coupled-channel approaches for charm are based on the 
Jiilich meson-exchange model [39-41] or on the hidden 
gauge formalism [42-44] . 

Of special importance are the symmetries that are 
implemented in the quark or hadronic models. In most 
cases, while hadronic models pay an special attention 
to chiral symmetry, quark models usually implement 
heavy-quark spin symmetry (HQSS). 

HQSS is a direct consequence of QCD [45-47]. It 
states that the interaction dependent on the spin state 
of the heavy quark is of 0(Aqcd/wq), and so sup- 
pressed in the infinite mass limit. For instance, the 
vector and pseudoscalar mesons with a bottom quark, 
which only differ in how the spins of light and heavy 
quarks are coupled, form a doublet of HQSS and would 
be degenerate in the infinite mass limit. So, HQSS re- 
quires the pseudoscalar B (B s ) meson and the B* (£?*) 
meson, its vector partner, to be treated on an equal 
footing. On the other hand, chiral symmetry fixes 
the lowest order interaction between Goldstone bosons 
and other hadrons in a model independent way; this is 
the Weinberg- Tomozawa (WT) interaction. Thus, it is 
appealing to have a predictive model for four flavors 
including all basic hadrons (pseudoscalar and vector 

mesons, and ^ + and | + baryons) which reduces to the 
WT interaction in the sector where Goldstone bosons 
are involved and which incorporates HQSS in the sector 
where bottom quarks participate. 

In this letter we use hadronic degrees of freedom in 
a unitarized meson-baryon coupled-channel calculation. 
We rely on a tree-level interaction that embodies the 
approximate pattern of both chiral symmetry, when 
Goldstone bosons are involved, and HQSS when heavy 
hadrons are present. Moreover, it enjoys spin-flavor 
symmetry in the light flavor sector. The scheme has 
been successfully used for describing odd parity s-wave 
light flavor [48] and charm [49, 50] baryon resonances. 
Indeed, the model naturally explains the overall features 
(masses, widths and main couplings) of the correspond- 
ing resonances (A+(2595) and A+(2625)) that appear 
in the charm sector (C = 1) [49, 50]. Further predic- 
tions of this model for the C = — 1 sector can be found 
in [51]. 

The enforcement of HQSS is an improvement with re- 
spect to other unitarized coupled-channel models [29- 
44]. For instance, they produce a non vanishing cou- 
pling for channels like A^B —> Nir which ought to be 
suppressed in the heavy quark limit; in that limit the 
number of heavy quarks and of heavy antiquarks is sepa- 
rately conserved. Even when no heavy quark- antiquark 
pairs are annihilated or created, other HQSS violations 
are present, like a vanishing amplitude of A C D — > NJ/?p 
which HQSS predicts to be times the A C D — > Nr] c 
amplitude. 

The paper is organized as follows. In Sec. II we 
present the features of our coupled-channel unitarized 
approach while in Sec. Ill we show the results not only 



for (A;,, A£) but also for (£;,, S£) states, which belong to 
the same SU(3)xHQSS multiplets. Finally, we present 
our conclusions in Sec. IV. 



II. COUPLED-CHANNELS AND 
UNITARIZATION 

We follow here the approach already applied in 
Refs. [49-51] for charm quarks. We will consider a 
system with baryon number one, one bottom quark 
(B = — 1) and strangeness, isospin and spin-parity given 
by: (S,I,J P ) = (0,0,1/2-) denoted as A 6 , (0,0, 3/2") 
as A*, (-1,1/2,1/2") as ~ b and (-1,1/2,3/2") as £*. 

All meson-baryon pairs with the same SIJ quantum 
numbers span the coupled-channel space. The s-wave 1 
tree level amplitudes between two channels for each SIJ 
sector are given by: 



ySIJ = JJSI 



J 2^-M i -M j lEi + Mi IE. 



2M, 



2Mi 



(1) 

where y/s is the center of mass (CM.) energy of the sys- 
tem; Ei and Mi are, respectively, the CM. energy and 
mass of the baryon in the channel i; and fi is the decay 
constant of the meson in the i-channcl. The masses of 
baryons with bottom content used in this work are com- 
piled in Table I, while those of the bottom mesons and 
their decay constants are given in Table II. The rest of 
hadron masses and meson decay constants not shown 
in the above tables have been taken from Rcf. [50] . 

Finally the Df/ J elements are the coefficients com- 
ing from the underlying SU(8) group structure of the 
couplings. Tables for the coefficients can be found in 
the Appendix B of Ref. [50] , where one can identify the 
charm C = 1 sector couplings given there with those 
needed here that correspond to the B = — 1 (one bot- 
tom quark) sector. 2 When the heavy quark can take 
Nh flavors (Nh = 2 if rotations between c and b states 
are admitted) the approximate heavy-quark symmetry 
of QCD extends to spin-flavor SV(2N h ) [45-47]. 3 Thus, 
effectively, we are making use of the flavor part of this 
symmetry. 

We use the matrix V as kernel to solve the Bcthc- 
Salpctcr equation, which provides the T-matrix as 



T 



SIJ 



(l- V s"G slJ )- 1 V slJ . (2) 

Here G is a diagonal matrix containing the two par- 
ticle propagator for each channel. Explicitly 

- 2M t (J (\/5; Mi, mi) - J (m S/ ; Mi,mi)) , (3) 



1 This is appropriate close to threshold. 

2 Note that the exact symmetries refer only to the coefficients 
Df/ J , while physical masses and decay meson constants are 
used throughout. 

3 In the heavy-quark limit the structure of the hadrons displays 
this symmetry, and also the spectrum, upon removal of the 
heavy-quark mass. 
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where m, is the mass of the meson in the channel i. 
The loop function Jo can be found in the Appendix of 
Ref. [16] for the different relevant Riemann sheets. The 
two particle propagator diverges logarithmically. The 
loop is renormalized by a subtraction constant such that 

Gf/ J = at ^ = n SI . (4) 

To fix the subtraction point ^jl si we apply the following 
prescription: all sectors with a common SI and differ- 
ent J and all the corresponding channels are consid- 
ered. Then fi SI is taken as \/ m th + -^th' where m th 
and Mth, are respectively, the masses of the meson and 
baryon producing the lowest threshold (minimal value 
of mth + Mth)- Therefore the subtraction point takes 
a common value for all sectors 4 SIJ with equal SI. 
This renormalization scheme (RS) was first proposed in 
[32, 33]. Successful results from this RS, but involving 
only the mesons and baryons of the pion and nucleon 
octets were already obtained in [24] . This specific RS is 
just a prescription which previously has produced good 
results, but it can be refined when phcnomcnological 
information is available. We will study this possibility 
in the next section. 

The dynamically-generated baryon resonances can be 
obtained as poles of the scattering amplitudes in each of 
the SIJ sectors. We look at both the first and second 
Riemann sheets of the variable y/s. The poles of the 
scattering amplitude on the first Riemann sheet that 
appear on the real axis below threshold are interpreted 
as bound states. The poles that are found on the second 
Riemann sheet below the real axis and above threshold 
are identified with resonances. 5 The mass and the width 
of the bound state/resonance can be found from the 
position of the pole on the complex energy plane. Close 
to the pole, the T-matrix behaves as 

T^(s)*iip^. (5) 

^fsR = Mr — iTR/2 provides the mass (Mr) and the 
width (r^) of the resonance, and <7je^ J (modulus and 
phase) is the coupling of the resonance to the channel 
3- 

There is a technical aspect which should be addressed 
at this point. It follows from QCD that, as one flavor 
of quarks becomes heavy, the spectrum of hadrons with 
one such quark tends to a universal pattern, shifted by 
the heavy quark mass. However, it is well known [16] 
that the renormalized loop function, G, grows logarith- 
mically as any one of the hadrons in the loop gets heavy. 
This implies that, in the infinitely heavy quark limit, 



4 See [28] for a discussion on the subtraction point and its natural 
vs. phcnomcnological values. 

5 Often we refer to all poles generically as resonances, regardless 
of their concrete nature, since usually they can decay through 
other channels not included in the model space. 



Baryon M[MeV] r[MeV] SU(6) SU(3) 2J +i HQSS 



A,, 


5619.37 [52] 




21 


35 


singlet 


Si 


5789.55 [3] 




21 


3 2 


singlet 


Si 


5813.4 [3] 


7.3 


21 


6 2 


doublet 


£l 


5833.55 [3] 


9.5 


21 


64 


doublet 


— 1 


5926 [54] 




21 


62 


doublet 


— b 


5945 [59] 




21 


64 


doublet 


n b 


6050.3 [60] 




21 


62 


doublet 


fit 


6069 [61] 




21 


64 


doublet 



TABLE I: Baryon masses and widths used throughout this 
work. The SU(6) and SU(3)2./+i labels are also displayed. 
The last column indicates the HQSS multiplets. Members 
of a HQSS doublet are placed in consecutive rows. 



Meson 


m[MeV] 


/ [MeV] 


SU(6) SU(3) 2 ./h 


-1 HQSS 


B 


5279.335 [3] 


133.6 [62] 


6* 


3* 


doublet 


B* 


5325.2 [3] 


fs 


6* 


33 


doublet 


B a 


5366.3 [3] 


159.1 [63] 


6* 


3! 


doublet 


Bt 


5415.4 [3] 


fs. 


6* 


35 


doublet 



TABLE II: Meson masses, m, and decay constants /, used 
throughout this work. The SU(6) and SU(3)2./+i labels are 
also displayed. The last column indicates the HQSS multi- 
plets. Members of a HQSS doublet are placed in consecutive 
rows. 



the interaction (and so the binding energy in attrac- 
tive sectors) would effectively increase at a logarithmic 
rate, rather than stabilizing. By artificially increasing 
the bottomed hadron masses we have verified that such 
spurious binding would indeed arise for sufficiently large 
masses, 6 however, it is not clear how sizable the effect 
is in a realistic scenario. As will be seen below, the 
generic subtraction point defined after Eq. (4) actually 
produces too little binding and we have to move to a 
phcnomcnological subtraction point to pinpoint the ex- 
perimentally observed states. This would suggest that 
the problem is not yet a pressing one at the bottom 
scale, at least for the sector we are considering and those 
related to it by softly broken symmetries. It can be ex- 
pected that whenever the subtraction point is shifted 
to fine tune the overall position of a multiplet of res- 
onances, any spurious binding will produce at most a 
residual distortion in the individual positions, without 
compromising the existence and main couplings of the 
resonances under study. 



Simultaneously, we find that the gaps between resonances de- 
crease as 1/m.Q. 
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III. RESULTS AND DISCUSSION 



In the A 6 sector (B = -1, C = 0, S = 0, I = 
0, J p = l/2~), the following sixteen channels are in- 
volved: 

S 6 tt A b r) NB NB* E b K A b uj E' b K AB° 
AB* A bV > S bP S*p A b <t> E b K* E' b K* E* b K* 

Likewise for the Aj* sector (B = -1, C = 0, S = 0, 
1 = 0, J p = 3/2~), there are eleven channels: 

££tt NB* A b u E* b K AB* S £ 6j o 



A h 



E b K* E'K* ETK* 



In both cases the channels are ordered by increasing 
mass thresholds. 

By solving the coupled-channel Bethe-Salpeter equa- 
tion several states are generated in each of the two sec- 
tors. The three lowest lying A b resonances have masses 
of 5880 and 5949 MeV (J p = 1/2") and 5963 MeV 
(J p = 3/2~). As one can expect, the situation in the 
J = l/2~ channel keeps a close parallelism with that of 
the A c (2595) resonance in the charm sector [49, 50]. For 
both heavy flavors the structure obtained mimics the 
well-known two-pole pattern of the A(1405) [19, 22, 24]. 
Thus, we find that the state at 5880 strongly couples 
to the NB and NB* channels, with a negligible Sfc7r 
coupling, while the 5949 MeV state has a sizable cou- 
pling to this latter channel. On the other hand, the 
J p = 3/2 " state at 5963 is generated mainly by the 
(NB*, Sj7r) coupled-channel dynamics. This state is 
the bottom counterpart of the A(1520) and A* (2625) 
resonances. 

These results are encouraging, but to achieve a bet- 
ter description of the Ab(5912) and A;,(5920) states re- 
ported by the LHCb Collaboration, we have slightly 
changed the value of the subtraction point used in the 
RS defined by Eqs. (3) and (4) [49]. Thus, in this sec- 
tor, we have set the meson-baryon loop to be zero at 
the CM. energy y/s = fi given by 



ol (Ml 



(6) 



For a = 0.967, we find two poles above the A^7T7t 
threshold, with masses 5910.1 MeV (J p = 1/2 - ) and 
5921.5 MeV (J p = 3/2"), which admit a natural iden- 
tification with the two experimental A b resonances ob- 
served in [1]. The results for masses, widths and cou- 
plings are presented in the Table III. We have assigned 
well-defined group labels to the resonances. The multi- 
plets of SU(6) x HQSS and of SU(3) x HQSS to which 
the resonances belong are identified by means of the 
procedure discussed at length in Ref. [50], namely, by 
adiabatically following the trajectories of the poles gen- 
erated as the various symmetries are restored or broken. 
The mass differences AMr of the resonances with re- 
spect of ground state Ab are also shown in Table III. 



M R - M, 



A b (g.s.) 



(7) 



For each resonance, the decay mode with largest phase- 
space allowed by strong interactions (or electromagnetic 
ones when the strong decay is forbidden) is shown in the 
last column. 

We find that the states A b (5912) and A£(5920) are 
heavy-quark spin symmetry partners. Indeed, these two 
states would be part of a 3* irreducible representation 
(irrep) of SU(3), embedded in a 15 irrcp of SU(6) (which 
in turn belongs to the irrcp 168 of SU(8) [50]). Thus, 
the light quark structure of these two states is the same, 
and in particular their total spin, s; = 1. Hence, the 
coupling of the 6-quark spin (j b = 1/2) with the spin of 
the light degrees of freedom yields J = 1/2 and J = 3/2. 
Then the two states, A b (5912) and A fe "(5920), form an 
approximate degenerate doublet; they are connected by 
a spin rotation of the fe-quark. 

Comparison of Table III with the Table III of Ref. [50] 
in the charm sector, shows that states with the same 
group labels in both tables are the heavy flavor coun- 
terpart of each other. In particular, the A;, (5920) reso- 
nance is the bottom version of A c (2625) one, while the 
Af,(5912) would not be the counterpart of the A c (2595) 
resonance, but it would be of the second charmed state 
that appears around 2595 MeV, and that gives rise to 
the two pole structure [50] mentioned above. The same 
conclusion follows from inspection of their couplings: 
the A c (2595) couples weakly to S c 7r while the coupling 
to S{,7r is sizable for the Ab(5912) state. 

The two states observed by the LHCb Collabora- 
tion are detected through their decay to Af,(g.s.)7T7r. 
The data fit of Ref. [1] yields A^ Ab ( 5 9i2) = 16.4 ± 4.7 



events with mass M, 



N 



Ai,(5912) 



5911.95 ±0.11 MeV and 



A* (5920) 



49.5 ± 7.9 events with mass M 



A* (5920) 



5919.76 ± 0.07 MeV. Hence the experimental ratio be- 



a(pp A£(5920) A fc7 r7r) 



a(pp -> A b (5912) A fc 7T7r) 



N 



AJ(5920) 



cxp 



N 



A b (5912) 



3.0±1.0 

(8) 

On the other hand, taking into account the experimen- 
tal setup of LHCb and the strong decay mechanism of 
the formed A fc (5912) and A£(5920) resonances, 7 the de- 
cay to A b Trir always takes place within the space and 
time intervals set for detection [64]. Therefore no bias 
is expected from the possible different decay rates of the 
two states: 



a(pp A* (5920) -> A 6 7T7r) _ a(pp -> A* (5920)) 
a(pp -> A 6 (5912) -> A fc 7r7r) _ a(pp -> A h (5912)) ' 



(9) 



From the theoretical side, due to the dominant strong 
interactions taking place during creation and hadroniza- 
tion of the quark b, a natural assumption is that the 
6-quark spin ends up in a random state. In that case, 
and assuming that A£(5920) and A fc (5912) form a HQSS 



7 E.g. A 6 (5912) — > 7r(£ 6 — > A 6 7r), the intermediate £(, being 
off-shell due to the small phase-space available. 



■5 



SU(6) 
irrep 


SU(3) 2 j+i 
irrep 


AM R 
MeV 


Mr 

MeV 


r R 


Couplings 
to main channels 


J 


Experimental 
LHCb 


Decay 
mode 


21 


35 


178 


5797.6 





9nb = 4.9, g NS , = 8.3, g AS o = 2.1, g AS » = 3.6, 
9A bV > = 1.0, 5e* p = 0.6 


1/2 




A(,7 


15 


35 


291 


5910.1 





ffs^ = 1.8, gjvs = 4.6, gjvs* = 3.0, g AbU1 = 1.4 


1/2 


A b (5912) 


Abnn 


15 


31 


301 


5921.5 





9e*^ = 1-8, gjvs. = 5.7, g AbU = 1.5 


3/2 


A£(5920) 




21 


35 


390 


6009.3 





g£ b . ~ 0.05, = 2.0, g mb = 1-1, Satb* = 1.7, 
ffH b ;? = 0.8, g AS o = 3.9, g AB , = 6.0, 3 E j P = 0.7, 
gs* b K* = 0.9 


1/2 




E(,7T 



TABLE III: A b (J p = 1/2-) and At (J p =3/2") resonances predicted in this work. The parameter a in Eq. (6) has been 
set to 0.967. The SU(6) and SU(3) x SU(2) representations of the corresponding states are shown in the first two columns. 
Mr, Tr and AM R stand for the mass, the width, and the mass difference with respect to the ground state (J p = l/2 + ) At,. 
The next column displays the (absolute value of the) dominant couplings to the different meson-baryon channels, ordered by 
their threshold energies. The couplings to channels open for decay are highlighted in bold font. The seventh column shows 
the spin of the resonance. Tentative identifications with experimental resonances of LHCb are also given in the following 
column. Finally, in the last column we show the decay channel with largest phase-space allowed by strong interactions (or 
electromagnetic ones when the strong decay is forbidden). The two states in the 15 of SU(6) form a HQSS doublet, the 
other two states are HQSS singlets. The three lightest states belong to the 168 of SU(8), the heaviest one belongs to the 120 
(note that it is precisely in these two SU(8) irreps where the WT interaction is more attractive, and thus the lowest-lying 
states stem from them [50]). 



doublet, the ratio of production of these states should 
be the quotient of multiplicities, that is: 

q(pp^A fc *(5920)) ^ 2 J A; + 1 = 

a( PP -> A 6 (5912)) ~ 2J Ab + 1 " [ ' 

Although not fully satisfactory, this ratio is not incon- 
sistent with the observed ratio, in Eq. (8), and it gives 
support to our conclusion that the two observed states 
form a HQSS doublet. 

Different quark models [2, 4-7] have also conjectured 
the existence of one or more excited Af,(l/2 _ ) and 
Ah(3/2~) states. While the predicted masses for [4-7] 
differ few tenths of MeV from the LHCb experimental 
ones (see Table VIII of Rcf. [7] for a summary of some 
of the results), the early work of Capstick and Isgur [2] 
generated the first two excited A b (l/2~) and Af>(3/2 - ) 
states with masses that are in very good agreement with 
the ones observed by the LHCb collaboration. However, 
the ground state A b (l/2 + ) mass in this scheme is below 
the experimental one. Our model reproduces the exper- 
imental Ah(5912) and Ab(5920) but with an alternative 
explanation of their nature as molecular states, which 
moreover are HQSS partners. 



B. Hf, and SjJ states 

Next, we analyze the (B = -1, C = 0, S = -1 , 1 = 
1/2) sector, for both J = 1/2 and J = 3/2 spins (E b and 
S£ states, respectively). Our model predicts the exis- 
tence of nine states (6 E b and 3 E^) stemming from the 
strongly attractive 120 and 168 SU(8) irreducible rep- 
resentations (see Ref. [50] for the analogous charm sec- 
tor). However, only three Sj, and one Sj* belong to the 



same SU(3)xHQSS multiplcts of the Ah and A£ states 
reported in Table III. In this exploratory study, we 
restrict our discussion only to these states. 

In the S;, sector, the following thirty one channels are 
involved: 

S fc 7T Z' b ir A b K E b K E b i] AB AB* ££? 
E' bV A b K* Y.B* n b K E bP E b oj EB S E' bP 
H b K* E' b uj Zip X* b K* Z* b uj SB* ~ bV < 

s b E' bV ' n b K* e'^ z*b; n* b K* ~i<p 

while in the sector, the twenty six channels, ordered 
by increasing thresholds, are: 

S*tt AB* Z* b rj A b K* SB* n* b K E b p 

E b uj S*B E' b p T, b K* E' b uj T,*B* E* b p Y<* b K* 
E* b uj EB* S ~ b <t> E*B S E* bV i n b K* E' b <t> E*B* 
Q* b K* E* b ^ 

For the subtraction point we use p, 2 = (Ml + m 2 ) 
and thus, we assume our default value a — 1 in Eq. (6). 
We have no particularly good reason to use the same 
value as in the A b case. Even SU(3) does not relate the 
two p SI points, (Mjlj + ml) and (Mi b + ml), respec- 
tively used to fix the RS in each sector. If instead we 
take a = 0.967 as in the A b sector, E^ binding energies 
(masses) will be larger (smaller) by about 60-80 MeV. 
We should admit thus, this 60-80 MeV as an intrinsic 
systematic uncertainty affecting to our results in this 
sector. 

In this way, we find the E b and E^ states that com- 
plete the A 6 and A* SU(3)xHQSS multiplets. The 
properties of the dynamically generated E b and 2*, 
states are compiled in Table IV. By studying the evo- 
lution of the poles from the SU(6)xHQSS symmetric 
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SU(6) 
irrcp 


SU(3) 2 j+i 
irrep 


AMr 
MeV 


Mr 

MeV 


MeV 


Couplings 
to main channels 


J 


Main decay 
mode 


21 


32 


255 


5874. 


0. 


9ab = 1-3, tes = 4.4, g AB , = 2.3, g sS , = 7.3, 
9sB s = 2.6, g BbV > = 1.0, fesj = 4.5 


1/2 


E b j 


15 


3* 2 


416 


6035.4 


0. 


g3 b 7r ~ 0.05, 3 S(j a" — 2.3, g A g = 1., g S g = 4.5, 
tea* = 2.8, g SbU = 1.2, p E . s . = 2.3 


1/2 


E b TT 


15 


31 


424 


6043.3 


0. 


fejic = 2.3, 3 AS , = 1.1, g E s, = 5.5, g^g = 1.4, 
Ss,, w = 1.2, g s , s * = 1.7 


3/2 


E b TY 


21 


3 2 


453 


6072.8 


0.3 


gs^ = 0.1, g s ^ = 0.1, g SbV = 2.4, 5a b = 1.4, 
9ab* = 2.3, 5 E b = 1.1, 3 E s» = 1.6, g SBs = 2.9, 
fes; = 4.5 


1/2 


E b TT, E' b TT 



TABLE IV: SU(3) partners of the states in Table III. Predictions for E b (J p = 1/2") and El (J p = 3/2") resonances (with 
a = 1 in Eq. (6)). No experimental excited E b or El resonances have been detected yet. The two states in the 15 of SU(6) 
form a HQSS doublet. 



point, we find that A b (5797.6) and ^(5874) belong 
to the same irreducible representation, and similarly 
the A b (6009.3) and S b (6072.8) states. Also, the pair 
2 b (6035.4) and S* (6043.3), in the 15 irrep of SU(6), 
form the HQSS doublet related by SU(3) to the dou- 
blet formed by the A b (5910.1) and A£(5921.5) states. 

The three S b and one E£ states have also part- 
ners in the charm sector. We find that states with 
the same group labels arc the heavy flavor coun- 
terpart of each other, as already noted for the A b 
and A £ sectors. By comparing Table IV with Ta- 
ble V of Rcf. [50], we see that the HQSS partners in 
the charm sector coming from the 15 representation, 
S c (2772.9) and 3*(2819.7), are the bottom counterparts 
of the E b (6035.4) and S* (6043.3) states. Moreover, 
the charmed S c (2699.4) and S c (2775.4) resonances are 
analogous to the Sh(5874) and S;, (6072.8) ones in the 
bottom sector, respectively. None of these bottomed 
states have been seen experimentally yet. Schemes 
based on quark models [2, 4-7] predict S/,(l/2") and 
Sf,(3/2") states with similar masses to our estimates, 
though there exist some differences between the vari- 
ous predictions. It therefore constitutes a clear case for 
discovery. The experimental observation of the S& and 
S£ excited states and their decays might, on the other 
hand, provide some valuable information concerning the 
nature of these states, whether they can be described as 
pure quark states or they have an important molecular 
component. 

Fig. 1 shows a summary of the masses of the pre- 
dieted A b (l/2"), A h (3/2"), S b (l/2") and S b (3/2") 
states with respect to the mass of the ground state A b , 
together with several thresholds for possible two- and 
three-body decay channels. The experimental A°(5912) 
and A°(5920) of LHCb are given for reference. Tables 
III and IV show that, except for 2 b (6072.8), our pre- 
dicted states have a negligible width. This implies that 
they do not strongly couple to two-body channels with 
lower mass, such as S b 7r or S b 7r. Three-body channels 
arc not included in our calculation. These channels al- 




FIG. 1: Summary of the new predicted states. We also show 
the experimentally observed A°(5912) and A^(5920) states 
and some relevant hadronic thresholds. 



low the possibility of strong decay for some of the states. 
This is the case of the A b (3/2") and the two A b (l/2") 
which lie above the threshold of A b 7T7r, but it is not the 
case for the lightest A b and S b states. They are below 
all hadronic channels, and hence they are stable un- 
der strong interactions. These states could be detected 
through electric dipole decay to A b 7 and S b 7. Note 
that the strong decay of S b (3/2~) to S b 7r is forbidden 
in s-wave but allowed through d-wave mechanisms not 
included in our model. 

In Fig. 2, we depict (±|T|)— matrix for the four (SIJ) 
sectors studied in this work. Sectors related through 
SU(3) or by HQSS are plotted with opposite sign to 
better appreciate the degree of fulfillment or breaking 
of these symmetries. The extra poles stand for other 
states which stem from other SU(8)/SU(6) irreps to 
those considered in this exploratory study. 
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5700 5800 5900 6000 6100 6200 6300 



y[7 [MeV] 

FIG. 2: ± maxj Yli \Tij(y/s)\ for the four (7, J) sectors stud- 
ied. We use "plus" sign for the sectors Ab (blue, solid line) 
and E£ (red, dashed line) and "minus" sign for Al (blue, 
solid line) and Si, (red, dashed line). Exact SU(3) or HQSS 
symmetries would translate into exact mirror symmetries in 
the plot. 



IV. CONCLUSIONS 

We have analyzed odd parity baryons with one bot- 
tom quark by means of a unitarized meson-baryon 
coupled-channel model which implements heavy-quark 
spin symmetry. In particular, pscudoscalar and vector 
heavy mesons are treated on an equal footing. We rely 
on a relatively simple tree-level interaction already used 
in the charm sector [49, 50]: the matrix elements fol- 
low from Clebsch-Gordan coefficients of the underlying 
spin-flavor symmetry with no free-parameters. This in- 
teraction has the virtue of embodying the approximate 
patterns of chiral symmetry, when Goldstone bosons are 
involved, and HQSS when heavy hadrons are present. 

A summary of our predictions is graphically shown in 
Fig. 1. The experimental states A°(5912) and Ag(5920) 
reported by the LHCb collaboration are obtained as 
dynamically generated meson-baryon molecular states. 



Within our scheme, these states are identified as HQSS 
partners, which naturally explain their approximate 
mass degeneracy. Other A(l/2 _ ) states coming from 
the same attractive SU(6) x HQSS representations are 
also analyzed and we find a close analogy to the charm 
and strange sectors. In particular, the A^(5920) is the 
bottomed counterpart of the A* (1520) and A* (2625) 
resonances. Moreover, the A£(5912) is part of a two- 
pole structure similar as the one observed in the case of 
the A(1405) and A c (2595) resonances. 

Mass and decay mode predictions are also obtained 
for some Sf,(l/2 _ ) and Sf,(3/2 _ ) resonances, which be- 
long to the same SU(3) multiplets as the A(,(l/2 _ ) 
and Ah(3/2 _ ) states. We find three H{,(l/2 _ ) and one 
S&(3/2~) states coming from the most attractive SU(6) 
x HQSS representations. Two of these predicted states, 
S b (6035.4) and 2* (6043.3), form a HQSS doublet sim- 
ilar to that formed by the experimental A;,(5912) and 
A£(5920) resonances. None of these states have been 
detected yet, and their existence is also predicted by 
constituent quark models. It constitutes a clear case 
for discovery. 
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